We describe the construction of nano-molecular assemblies using RNA building blocks the human immunodeficiency virus type 1 (HIV-1) dimerization initiation site (DIS) RNA, that forms stable base pairing through a magnesium-dependent loop-loop interaction ("kissing").
INTRODUCTION
Several methods have recently been developed for construction of nanoscale molecular assemblies based on nucleic acid base-complementarity. 1 " 4 Here, we describe the formation of specific molecular assemblies constructed through RNA loop-loop interaction. Human immunodeficiency virus (HIV) genome dimerization is thought to initiate through loop-loop interaction of an RNA stem-loop structure called the dimerization initiation site (DIS).
This loop-loop interaction has been characterized in vitro and has been shown to be stabilized in the presence of magnesium. We designed the several 56-mer and 76-mer RNA substrates, where two stem-loops based on the secondary structure of the HIV DIS were connected by a two nucleotide linker. Molecular assemblies formed by these RNA substrates were analyzed by PAGE in the presence or absence of Mg 2+ . In addition, we attempted to directly observe the formation of molecular assemblies by circular dichroism spectroscopy. 
RESULT AND DISCUSSION
RNA substrates prepared by the in vitro T7 transcription were heat denatured and quick-cooled to ensure the formation of the stem-loop structures, and analyzed by native PAGE. RNA bands were observed by ethidium bromide staining (Figure 1 ). Large RNA assemblies were observed on gels containing 0.1 mM Mg 2+ (TBM gels), but not on gels lacking Mg 2+ (2 mM EDTA; TBE gels) (Figure 1-c, d, lanes 1) . This suggested that these low mobility products were associated through loop-loop interactions, since the rather weak DIS loop-loop complex has been shown to dissociate upon electrophoresis on TBE gels, but is stabilized in the presence of magnesium. In contrast, when 1 was heated and slow-cooled prior to gel electrophoresis, dimeric and larger products were observed on both TBM and TBE gels (Figure 1-c, d , lanes 9), indicating that the RNA building blocks were not "kissing", but were extensively base paired. In order to confirm that the multimeric products observed for 1 were indeed assembled via loop-loop interactions, variants of 1 containing point mutations that disrupt one or both loop-loop interaction were prepared (Figure 1-b, 2-5 ). As expected, RNAs with a G to A mutation in one (2) or both of the loops (3) resulted in the formation of a dimeric and a monomeric arrangement, respectively, based on gel mobility (Figure 1-c, lanes 2  and 3) . Furthermore, substrates that contain a single or double C to U mutation that complement the G to A mutations (4 and 5), were found to restore formation of dimeric or larger RNA assemblies (Figure 1-c, lanes 4  and 5) . Next, in order to distinguish linear and circular assemblies, 1 and 2 were mixed at various ratios. The products observed when large excess of 2 was present were concluded to be linear assemblies (Figure 1-c, lane  6) , while a decrease in the amount of 2 relative to 1 was expected to result in an increase in circular arrangements (Figure 1-c, lane 7,8) .
Next, formation of specific linear and circular arrangements of RNA building blocks was attempted by designing RNA building blocks using four pairs of noncomplementary loop sequence that has been shown to bind specifically. Various combinations of the RNA building blocks were analyzed on a TBM gel, and the bands were observed that indicate the formation of linear and circular dimer, trimer, and tetramer.
Finally, we attempted the direct observation of "kissing" complex formation by CD spectroscopy.
Upon addition of magnesium to solution of substrates 3, 4, and 5, an increase in the CD band at 250-270 nm and a decrease at 270-290 nm was observed. These CD changes correspond to the number of potential loop-loop interactions.
In conclusion, these results show loop-loop interactions can be used to construct specific RNA structures, therefore expanding the repertoire of nucleic acid-based nanostructures. In addition, the ability to assemble RNA building blocks in a magnesiumdependent manner as demonstrated here may be utilized as a functional switch. RNA structures constructed in this way may also be used as a scaffold for the construction of complex molecular assemblies.
